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Abstract

The ubiquitous transcription factor nuclear factor (NdB-plays a prominent role in regulation of inflammatory immune responses and
in cell survival. Recently, it has been found to be active in neurons, and mice lackirdBEbunits p50 or p65 show deficits in specific
cognitive tasks. Here we demonstrate a strikingly low level of anxiety-like behavior in the p$fouse. In an open field, the mutant
mice showed significantly less defecation, more rearing, and more time spent in the center compartment relative to wild type control mice.
The p50~/~ mice also spent more time investigating a novel object placed in the open field. On the elevated plus mazenjEslspent
more time on the open arms and had increased numbers of open arm entries relative to wild type. In group housing conditions, they did
not establish dominant—subordinate hierarchies, whereas wild type control animals did so, in part, by whisker barbering and conspecific
allogrooming. In tests of general health, sensorimotor function, and daily activity on a circadian rhythT, ptiée were normal. Thus,
absence of the p50 subunit of the MB-transcription factor, which results in altered MB-transcriptional activity in cells throughout the
body and brain, alters neuronal circuitry underlying manifestation of emotional behavior. The p50 subunit appears to play a role in normal
expression of certain forms of anxiety.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction The role of NF«xB in neuronal function and CNS pro-
cesses that control higher order behavior is only beginning to
The NF«B transcription factor is present in all cells be researched. One potential mechanism of influence is in-
and organ systems and is traditionally associated with direct, via peripheral immune modification that can then al-
immune system function. Physical stress and pathogenster CNS function. More recently, direct NEB involvement
trigger its translocation from cytoplasm to nucleus where in CNS functions has been implied. Constitutive neuronal
it regulates the transcription of genes affecting inflamma- NF-«xB activity has been documentgzil]. Transgenic mice

tory responses and cell survival pathwdgs28]. NF-«xB with reporter genes for NkB activity show widespread
comprises two subunits, usually p65 and p50, that are con-NF-kB function in neurons in adult brain, notably in the
strained in the cytoplasm by an inhibitory subuniBl| hippocampus, cerebral cortex, amygdala, hypothalamus, and

which has several form$29]. The subunits are mem- discrete brainstem nucl¢il,43] In several measured lo-
bers of the larger NikB/Rel family of transcription fac-  cations (cerebrum, hippocampus, pons, and hypothalamus),
tors that include p50 (cleaved from its precursor p105), the identified NFxB complexes were primarily p50/p65 het-
p52 (cleaved from pl100), p65 (RelA), c-Rel, and RelB. erodimers and also p50/p50 homodimfzg3].
All five proteins can form homo- and heterodimers that  Neuronal NFkB activity has been linked to neuroprotec-
bind to cognatexB DNA binding sequences to regulate tion [17]. NF«B has been also been associated with CNS
transcription. processes involving learning and mem¢ig,51] NF-«xB

and its regulated immune system signal molecules such as
T g N 1.301.496.8287" faxs 1.301.402.2200 IL-18 and TNFe have all been shown to be involved in

E_mogiﬁe;ggpes'gﬁgfer?}:@;;iﬁnih_lggv ™ J&f;:hlam)‘” * long-term potentiation (LTP) and hippocampal-dependent

1 present address: National Institute on Drug Abuse, 6001 Executive |€arNing[1,8,40} Very recently, NF’_(E_’ was .Iocalized_to neu-
Blvd., Room 5228, Bethesda, MD 20892, USA. ronal synapses and shown to participate in synaptic signaling
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and hippocampal-dependent learnjBd]. Neuronal NFxB subserving emotional behaviors. Many candidate genes
activity can be triggered by glutamg20] and synaptic in- have been examined, and others have been serendipitously
put in vitro [31]. However, little is known about how these discovered to be associated with emotional behaj46t,
observations relate to functional circuits in vivo. One study including some immune signal gen@3,50]. Transcription
demonstrated involvement of an NdB-dependent mecha- factors are a major target for learning and memory studies,
nism in the amygdala in fear conditionifg1]. but they have not been prominent in emotion research. The

Additional advances in this regard have been made by present work provides evidence that MB-signaling is a
observations of animals with NkB subunits knocked out.  key component of manifestation of anxiety-related behav-
Baltimore’s group systematically deleted the NB-sub- ior. In addition to standard tests of anxiety-like behavior,
units in mice to examine their roles in vivo. Deletion of the the animals were tested for related behaviors: sensorimotor
p65 subunit is embryonically lethf], but the knockout can  responses, overall activity levels, response to novelty, and
be rescued by concurrent deletion of type 1 TNF receptor establishment of dominant—subordinate hierarchies.
[2]. The p65/TNFR1 knockout mice are infection-prone, but
their brains appear normal by gross examination, and there
are no obvious behavioral abnormalities. However, selective 2. Materials and methods
deficits were noted in spatial radial arm maze performance
[31]. 2.1. Mice

NFKB1 (p50) gene-deleted mice are viable and fertile.
They have no obvious developmental or histopathological Two-month-old male p50/~ (KO) and wild type (WT)
abnormalities, but they do display selective defects in B control mice (B6; 129P2-NfkdT18a and B6129PF1, re-
cell responses and in basal and specific antibody productionspectively) were purchased from The Jackson Laboratory
[45,48,52] Non-specific responses to infection are affected (Bar Harbor, ME). Animals were group-housed two to
in p50 knockout (KO) mice, with reduced immunoglobulin three per cage in a temperature- and humidity-controlled,
secretion and class switchifgb]. The p50 KO mouse has  pathogen-free vivarium, with ad libitum access to food and
been examined in models of neuronal degeneration. An in- water. Lighting was on a 12 h/12 h cycle, with lights on from
creased vulnerability to toxic insult in these mice suggests 06:00 h. Body weights were measured during the month

that the normal presence of p50 is neuroproted®&53] prior to testing. The NIMH Intramural Research Program
In addition, p50 KO mice perform poorly in acquiring es- Animal Care and Use Committee approved all procedures,
cape behavior in an active avoidance paradjg#j and fail which conformed to the NIH Guide for the Care and Use

to display acupuncture-induced analgefd], suggesting of Laboratory Animals.
roles for the p50 subunit (and therefore the NB-{ranscrip-
tion factor) in learning, attention, and motivated behavior. 2.2. Health screen and sensorimotor function tests
Although a role for NFkB has been shown in learning of
emotional respons€®1], anxiety-like behavior has never Mice were first evaluated for appearance, weight gain,
been formally characterized in mice lacking NB-p50. general activity, and behavior in their home cages, as de-
Anxiety is a higher order physiological and psychological scribed by Crawley and coworkef$2,13,37] A checklist
response to perceived threats. Many human mood disordersnodified from that of Paylor et al38] was designed to
are characterized by excessive anxi@¥]. Several studies  record results of challenges intended to detect any gross
have explored the interrelationship of anxiety, CNS stress abnormalities and to evaluate reflex responses and sen-
circuitry involving the hypothalamic—pituitary—adrenal sorimotor abilities. Eye-blink, ear-twitch, whisker-touch,
(HPA) axis, and immune system responBEl. Most stud- righting, and postural reflexes were evaluated. Each mouse
ies emphasize the effects of anxiety (or stress) on immunewas observed for 3 min in a clean, empty cage for condition
function, but others suggest that immune system alterationsof fur, presence of whiskers, freezing behavior, defecation,
(elevated cytokine levels) can produce symptoms resem-and urination[27]. Olfactory acuity (latency to sniff/locate
bling depressiori30]. Current evidence suggests that anxi- buried peanut butter) was also measured.

ety levels are regulated by genetic factfdrs,47], though as Balance and grip strength were evaluated in simple tests
of yet, there is only scant evidence that immune signaling of motor responses. In a modification from Paylor et al.
genes are linked to mood stafés,32] [38], each mouse was suspended over a litter-filled cage

Emotional states in animals are inferred on the basis of bottom from a standard wire cage lid. Edges were taped to
behavioral tests demonstrated to have face or predictiveprevent escape to the opposite or “top” side. The number
validity [49], and the neurochemical, physiological, and of seconds each mouse was able to hang onto the wire lid
neuroanatomical bases of such states are only partially un-without falling was recorded, to a maximum of 60 s. For the
derstood. One approach to understanding the biochemicalpole climbing test, each mouse was placed in the center of a
basis of emotion is to study behaviors in transgenic or 1.5-cm diameter wooden dowel covered with cloth tape. One
knockout animals to gain insights about the involvement end of the dowel was slowly lifted to a vertical position so
of individual gene products in influencing neural systems that the mouse was facing up. The time each mouse was able
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to hang onto or climb the pole was recorded, to a maximum test period, conventional parameters of anxiety-like behavior

of 60s. were monitored, i.e., the number of entries into the closed
arms, entries into the open arms, and the total time spent in
2.3. Circadian wheel running each arm. Scoring was done manually while reviewing the

videotapes. Entry into an arm of the maze was scored if the

WT (n = 8) and p50 KO £ = 8) mice were placed in an  center of the mouse’s body crossed the opening into that
isolated room on a 12h/12h light/dark cycle. Each animal arm.
was individually housed in a Naglene cage with a running
wheel. Revolutions were tracked with VitalView software 2.6. Habituation and novel object test
(apparatus and software from Mini-Mitter Co., Sun River,
OR), and food and water were available ad libitum. Running  To examine how the mice adapt to an environment and
wheel data (actograms) were collected continuously over 5respond to a novel objeft9], the animals were placed in the
days. Data from the last 3 days of recording were averagedopen field box with a central divider (20 cxk40 cm). Mice
for final determination of total revolutions/min/period and were left undisturbed in the box for 1 h on each of 3 days.

relative activity in the light versus dark phases. The room was quiet and brightly lit; behavior was recorded
by video camera and analyzed by EthoVision 2.3 software
2.4. Open field exploration (Noldus, Wageningen, The Netherlands). Activity (distance

traveled) and position (location in rectangle) were recorded.
After being acclimated to the procedure room for at least On the third day, at 30 min, a novel object (jar lid, 5.5cm
30 min, each of 20 WT and 19 p50 KO mice was individ- diameterx 1 cm high, covered with light-blue labeling tape)
ually videotaped during a 5-min exploration session in a was placed in one end of the rectangular field, approximately
40cm x 40cm Plexiglas Digiscan open field activity box 10cm from the edges. Time spent in the 20120 cm side
(Accuscan, Columbus, OH) containing horizontal infrared of the box with the novel object relative to the non-object
photocell sensors. Mice were placed in the center of the 20 cmx 20 cm side was recorded for the remaining 30 min of
arena at the beginning of the test period. Their movement the test session. The test is designed to measure the tendency
around the arena was recorded by a portable video cameraf an animal to explore a novel object in a situation of
vertically mounted on a tripod 3 ft above and controlled re- minimally perceived threat, to better assess the strength of
motely by the experimenter in the same room. The Plexiglas one of the two competing drives (exploration versus safety)
box was cleaned after each individual test session to prevenf10].
subsequent mice from being influenced by odors deposited
by previous mice. Testing was performed under normal flu- 2.7. Statistical analyses
orescent room lights (800 1x), during the light phase of the
circadian cycle, between 09:30 and 15:30 h. Locomotor ac- Data are expressed as mea8.E.M. and were compared
tivity was recorded by the photocell analyzer as the number by non-parametric (Mann—Whitnay or Chi square) tests
of horizontal beam breaks and total number of movements. for choice and event occurrence data and paramétests
The number of fecal boli deposited, time spent in the center for temporal and activity data. Significance was sePte
of the box, and time spent along the perimeter of the box 0.05.
were analyzed as a measure of anxiety-like behaididt
and manually scored while reviewing the videotapes. The
center comprised the central 4 squares of the field divided 3. Results
into 16 equal-sized squares.
3.1. Preliminary observations
2.5. Elevated plus maze
All mice displayed good general health. Home-cage be-
Testing was conducted in the same procedure room with ahaviors, including sleeping patterns, group huddling, and
different set of mice under the same conditions as the Opengeneral activity, appeared normal for both p50 KO and
field test, between 09:30 and 15:30 h. The maze consisted ofWT mice. There were no differences noted in sniffing,
four 5cmx 29 cm orthogonal arms connected by a 5&km  rearing, urination, righting reflexes, eye-blink, whisker
5cm central square. Two arms of the maze, on oppositeand ear-twitch responses, or balance maintenance. How-
sides, were enclosed by non-transparent sidewalls, and theever, body weight, fur allogrooming, whisker barbering,
other two arms were open with no lip. The apparatus was self-grooming behavior, and defecation differed signifi-
elevated 40 cm above the floor. Following brief adaptation to cantly between the genotypeEaple J).
the room, a mouse was individually removed from its home  Relative to WT, p50 KO mice weighed less at every time
cage and placed on the center of the maze, facing an operpoint after arrival in the animal facility at 2 months of age.
arm. The behavior of each mouse was recorded by a videoAlthough the weight differences were small (9%), they were
camera mounted directly above the maze. During the 5-min significant at 3 months of ageP(< 0.002). Bald patches
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Table 1
Sensorimotor function assessed in WT and p50 KO mice
Behavior Wild type @ = 29) p50 KO (1 = 29) Significance
Physical characteristics
Weight (g) 29+ 1 26+ 1 P < 0.002
Whisker barbering (% showing) 69 10 P < 0.0001
Bald patches (% showing) 31 7 P < 0.05
Behavior in test environmeht
Freezing (% showing) 41 0 P < 0.005
Grooming (% showing) 93 72 P < 0.05
Jumping (% showing) 0 17 P < 0.05
Fecal boli/mouse 2& 03 0.5+ 0.3 P < 0.0001
Urination (% showing) 38 28 NS
Motor responses (seconds to fall; 60 s maximum)
Wire suspension 4% 3 53+ 3 NS
Pole test 41+ 4 25+ 4 P < 0.01
Sensorimotor reflex8s
Olfactory (latency to sniff; s) 15 2 16+ 2 NS

Sum of three sets of mice, all tested about the same age (12 weeks). Measures are instances per grouptd®.mbans a 3-min test session.
Non-parametric statistics were used.

2Normal: palpebral closure, exophthalmous (none), piloerection (none), sniffing, licking, grooming, rearing, moving throughout cage.

b Normal: righting, postural, whisker reflexes, eye-blink, pupil constriction, ear-twitch, maintain balance.

were present in 7% of the p50 KO mice versus 31% of in Fig. 2, p50 KO mice spent almost twice as much time
WT mice (P < 0.05). Whereas only 10% of p50 KO mice as the WT mice P < 0.001) in the center square, an anx-
had whiskers that were barbered, 69% of the WT mice had iogenic location. Locomotor activity also differed between
short or missing whiskersA < 0.0001). The monitoring  the genotypes, with 50% more total ambulation displayed
of anxiety-like behavior during each mouse’s 3-min explo- by p50 KO mice P < 0.001). p50 KO mice showed higher
ration of a clean, empty cage revealed more incidences ofnumbers of total rearing in the open field, and only the KO
freezing and defecation by WT relative to KO midable J). mice reared in the center square (data not shown).
Interestingly, 41% of WT mice displayed freezing behavior
while being observed, but no KO mice did sB £ 0.005). 3.4. Elevated plus maze
When challenged with wire hanging and pole climbing
tasks as informal measures of strengt?], p50 KO mice did When challenged in the elevated plus maze, all mice
not differ from WT mice in latency to fall from an inverted  demonstrated preference for closed arms, as open arms clas-
wire cage lid in a 60-s tesfTéble ). However, WT mice sically represent an anxiogenic situation for rod€di3g].
hung onto the tilted pole 64% longer than pS0 KO mice However, p50 KO mice spent 3.6-fold more time on the open
(P <0.01). arms of the maze relative to WP(< 0.01), and the percent
time spent in the open arm was also significantly greater
(P < 0.05) (Fig. 2. Overall, KO mice were more active on
the maze and made about 50% more total arm entries than
Over the final three of five days housed in the wheel the WT mice ¢ < 0.05) (Fig. 2).
running cages, both genotypes showed equivalent revolu-
tions/min/period of wheel running, In terms of total activity 3.5. Habituation and novel object tests
(WT: 2.90+0.57; KO: 37840.9), activity in the light phase
(WT: 0.23 £ 0.10; KO: 030+ 0.07), activity in the dark In the habituation/novelty test, on day 1, the KO mice were
phase (WT: 30+ 1.16; KO: 7.26+ 1.86), and light:.dark initially more active than WT mice in the rectangular open
ratio (WT: 0065+ 0.034; KO: Q068+ 0.024), none of the  field, with 56% more cumulative activity over the session
differences was statistically significaftig. 1 shows repre- (P < 0.05) (Fig. 39, but they showed similar levels of
sentative actograms from individual animals of each geno- activity on days 2 and 3 relative to WT mice (differences
type. non-significant) Fig. 3b and & Over the course of the 3
days, WT mice decreased their activity (in the first half of
the session) to 62% and KO mice to 55% of starting levels
(P < 0.05 for both groups). Upon presentation of the novel
Locomotor activity and anxiety-like responses of p50 KO object in one end of the open field, both groups showed small
and WT mice were measured in a novel open field. As shown increases in activity, with the KO mice showing a greater but

3.2. Circadian wheel running

3.3. Open field exploration
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Fig. 1. Two representative wheel running actograms from individual WT and p50 KO mice are shown. When mice are individually placed in cages in
a strictly controlled 12h/12 h light/dark cycle with access to running wheels, they quickly entrain to the photoperiod and are active mainlykn the dar
No differences were noted between genotypes (see text for details).

non-significant increase relative to WTig. 39. WT mice behavior[12]. Similarly, in the elevated plus maze, explo-
avoided the side containing the novel objeét £ 0.05), ration of an open arm is in conflict with aversion to open
whereas KO mice did not show a side preference and spentareas and height. Finally in the novel object test in a familiar
significantly more time in proximity to the novel object than environment, the natural desire to explore the object con-
did the WT mice ¢ < 0.01) (Fig. 39. flicts with perceived danger associated with the same object.
In all these tests, the p50 mutant mice displayed a behav-
ioral profile that was different from the WT mice. Whereas
4. Discussion the parent B6129 strain showed typical behaviors reflecting
a natural caution posed by ethological challenges, the p50
The present study examined the contribution of the p50 KO mouse failed to show these behaviors and instead was
subunit of the NF«B transcription factor to emotional be- more likely to explore the open center of the field and enter
havior. Ubiquitous deletion of thBlFKB1 gene in all cells the open arms of the elevated plus maze more often ).
results in deletion of p50 protein and altered NB-func- In the habituation/novelty test, the p50 KO mouse showed
tion at the cellular and organ levels. The p50 KO mouse less avoidance behavior than the WT mouse upon presenta-
develops normally, shows selective defects in immune re- tion of a novel objectKig. 3).
sponsed45,48], and now has been shown to have a dis- Naturalistic observations bear out the striking phenotype
tinctive behavioral phenotype characterized by decreasedof the p50 KO mouse. In a novel environment, these mice
anxiety-like responses, elevated exploratory behavior, andshowed significantly less defecation and freezing behavior
reduced tendency to establish dominant—subordinate rela{Table 1. The KO mice were normal in all tests of sensori-
tionships amongst cage mates. motor function except for the pole test, in which they were
Several formal tests of anxiety-like behavior were con- more inclined than the WT to jump off while it was being
ducted. Because mice have a natural aversion to the brightlyelevated. This tendency is more likely to be related to their
lit center of an open field, comparison of activity in the cen- reduced anxiety rather than muscle weakness, because the
ter versus the periphery is an indication of anxiety-related p50 KO mice were normal in the wire suspension task.
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Open Field Elevated Plus Maze In a previous study, it was concluded that p50 KO mice
Time in center . Time in open arm exhibited selective memory deficits, based on their reduced
. e i tendency to avoid footghock by learning the Iocatu_)n of an
ﬁgg KO escape platfornj22]. It is possible that p50 KO mice do
not perceive anxiety-evoking stimuli in the same way as
WT mice. Such “lack of appreciation” of a fear-inducing
stimulus may account for the performance differences in the
KO mice that were interpreted as an inability to learn or
remember. Further tests of cognitive function utilizing both
appetitive and aversive tasks are warranted.

The mechanistic bases of the behavioral phenotype of the
p50 KO mouse are unknown and remain to be explored in
greater detail. The genetic deletion in these mice affects cel-
lular processes throughout the body. One possible explana-
tion for the relative lack of anxiety and natural fear responses
is that a deficit in the peripheral immune system is rendering
Total arm entries the animals chronically sick in a manner that might affect

3 performance in anxiety tests. In fact, p50 KO mice are prone
to infections and tend to live shorter lifespans than WT mice
[4,45], but they have normal innate immune responses and
normal levels of circulating cytokingd,24] that might be a
causal factor in affecting CNS functi¢@5]. Further studies
are needed to assess these parameters. However, the sickness
hypothesis predicts that these animals would show reduced
Fig. 2. Behavior in the open field (a—c) and elevated plus maze (df) is @ctivity, and this is not the case. p50 KO mice appear to be
shown for p50 KO and WT mice. In the 5-min test period in the open hormal, alert, and healthy by routine examination. They also
field, KO mice @ = 19) and WT = 20) were compared for time  gappear to gain weight at similar rates over the course of the
spent in center (a), percent of total time spent in center (b), and total geveral months they are in the facility.

activity in the field (c). In the elevated plus maze, different groups of . . . . . .
°50 Ko = 8 an d(vle b — 12) wore agalyze i oy i deotapeganaﬁlsis Alternatively, brain circuits subserving anxiety- and/or
for time spent in open arm (d), percent of open arm entries as a function f€@r-like behaviors may be modified by the defective R&-
of total arm entries (e), and total arm entries (f). This experiment was Signaling in cells of the p50 KO mice. It is not known
repeated once with similar resulfs.tests were used on time measures, whether defective signhaling as a result of p50 deletion oc-
and Mann-WhitneyJ tests were used on entry measures. < 0.05, curs to a significant degree in emotional circuits in the brain
P <0.01,™"F < 0.001 vs. WT mice. or even whether neurons or glia are contributing to the phe-
notypic alterations. A striking study by Yeh et al. does sup-
Missing or shortened whiskers and bald patches on faceport a crucial role for NR<B in emotional learning. In that
and upper body (alopecia) created by whisker and fur chew- study, specific NRB transcription factor activity in the
ing (pulling) occurs when social hierarchies are established, amygdala was shown to be required for fear conditioning
allowing cooperative dominant and subordinate behaviors [51].
amongst cage mat@42]. This process, which has a genetic Little is known about the role of NkB in normal brain
component, occurs less in the p50 KO mice relative to WT function, thus only a few speculative comments can be
mice, suggesting that normal hierarchical social interaction made. Although there are reports arguing for a role for
is deficient in the mutant. NF-kB in normal neuronal developmefit1] (but possibly
In all presentations of a novel environment in this study, not for the p105/p50 proteif#3]), to our knowledge there
the p50 KO mice were initially more active. However, these are no reports of neuropathology in the p50 KO mouse.
mice are not naturally hyperactive; they showed normal be- In the absence of prototypical p50/p65 heterodimers, other
havior and circadian rhythmicity in the running wheels. They combinations of Rel proteins may adequately compen-
also adapted to an open field by the second day of the ha-sate for the deletion, allowing for the development of
bituation test, thereafter showing normal activity levels rel- normal brain anatomy. Because p50 homodimers have
ative to WT mice until a novel object was placed in the been shown to repress transcriptipit], absence of p50
field; the KO mice avoided the side containing the object may result in elevated NkB-mediated transcriptional
less than the WT mice did, suggesting that reduced anxietyactivity [23].
more likely accounts for the difference rather than increased Cultured hippocampal neurons from p50 KO mice show
novelty seeking or exploratory behavior. enhanced intracellular €4 levels following glutamate ex-
KO mice are normal in simple sensorimotor assessments,posure[52]. Yeh et al.[51] showed that CREB and NkB
and they perform similar to WT in tests of cognitive function. (marked by a p50 antibody) interact in the cell nucleus. It
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Fig. 3. Habituation of activity in a rectangular 20 cn#l0 cm open field and time spent in the side containing a novel object were measured by automated
tracking software for WT { = 10) and p50 KO # = 9) mice across 3 days of testing. Data are presented as me@fsM. of distance traveled per

5-min time bin or cumulatively across the session (insets). KO mice showed significantly more cumulative activity than WT mice on day 1 (a) during a
1-h test sessionH = 0.013) but showed similar activity levels on days 2 (b) and 3 (c). Upon presentation of a novel object (taped lid) in one end of the
field at 30 min of day 3, KO mice spent significantly more time on the side containing the object than did WT mice (d). Analysestb{/P < 0.05,

**P < 0.01.
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